Abstract-For high-bit-rate long-haul fiber optic communications, the avalanche photodiode (APD) is frequently the photodetector of choice owing to its internal gain, which provides a sensitivity margin relative to PIN photodiodes. APDs can achieve 5-10-dB better sensitivity than PINs, provided that the multiplication noise is low and the gain-bandwidth product is sufficiently high. In the past decade, the performance of APDs for optical fiber communication systems has improved as a result of improvements in materials and the development of advanced device structures. This paper presents a brief review of APD fundamentals and describes some of the significant advances.
I. INTRODUCTION
O VER THE past five decades, avalanche photodiodes (APDs) have been utilized for a wide range of commercial, military, and research applications. In recent years, the primary driving force for research and development of APDs has been the optical communications. It is well known that the internal gain of APDs provides a higher sensitivity in optical receivers than PIN photodiodes [1] - [4] , however, at the cost of more complex epitaxial wafer structures and bias circuits. The APDs have been successfully deployed in optical receivers that operate up to 10 Gb/s, and research on materials and device structures that will extend to higher bit rate applications is ongoing.
First-generation optical fiber communication systems, which operated in the wavelength range from 800 to 900 nm, utilized Si PIN and APDs [5] . The evolution of transmission wavelengths to 1300 and 1550 nm, to take advantage of the optimum windows for low dispersion and attenuation, motivated a research on "long-wavelength" photodetectors. In 0.53 Ga 0. 47 As (referred to henceforth as InGaAs) homojunctions quickly became the PIN photodiodes of choice, but at the high electric fields required for impact ionization, an excess dark current resulting from tunneling prevented their development as APDs [6] , [7] . The tunneling component of the dark current was effectively eliminated with the development of separate absorption and multiplication (SAM) APD structures [8] . In these APDs, the p-n junction and, thus, the high-field multiplication region are located in a wide bandgap semiconductor such as InP where the tunneling is insignificant and the absorption occurs in an adjacent InGaAs layer. By properly controlling the charge density in the multiplication layer, it is possible to maintain a high enough electric field to achieve a good avalanche gain while keeping the field low enough to minimize the tunneling and impact ionization in the InGaAs absorber. However, the frequency response of SAM APDs, as originally implemented, was very poor, owing to the accumulation of photogenerated holes at the absorption/multiplication heterojunction interface [9] . Several approaches to eliminate the slow release of trapped holes, including the use of a chirped-period InP/InGaAs superlattice to form a pseudoquaternary In x Ga 1−x As 1−y P y layer [10] and continuous grading of the transition region [11] , have been reported. However, the approach that has been most widely adopted utilizes a transition region consisting of one or more latticed-matched intermediate-bandgap In x Ga 1−x As 1−y P y layers [9] , [12] , [13] . A second modification to the original SAM APD structure has been the inclusion of a high-low doping profile in the multiplication region [14] - [16] similar to the reach-through structure that has been widely used for Si APDs [17] . In this structure, the wide-bandgap multiplication region consists of a lightly doped (usually unintentionally doped) layer where the field is high, and an adjacent doped charge layer or field control region. This type of APD, which is frequently referred to as the SACM structure with the "C" representing the charge layer, decouples the thickness of the multiplication region from the charge density constraint in the SAM APD. Most of the initial work on InP/InGaAsP/InGaAs SAM and SACM APDs utilized mesa structures because of their fabrication simplicity and reproducibility. However, the consensus that planar structures are more reliable than mesa-type photodiodes spurred the development of planar configurations. Some of the techniques that have been successfully demonstrated utilize a lateral extended guard ring [18] - [20] , floating guard rings [21] - [24] , pre-etched charge sheet with regrowth [25] , etched diffusion well [26] , or selective ion implantation of the charge region [15] . Each of these approaches has been successful in suppressing an edge breakdown. Fig. 1 shows a schematic cross section of an InP/InGaAsP/InGaAs SACM APD with a double diffused floating guard ring [22] . The adjacent graph shows the electric field profile normal to the surface and illustrates how the charge layer is used to tailor the relative fields in the multiplication and absorption layers.
While the InP/InGaAsP/InGaAs SACM APDs have achieved excellent receiver sensitivities up to 2.5 Gb/s [27] - [29] , there are three factors that limit their performance at higher bit rates. Since they operate under a normal incidence, and since the absorption coefficient of InGaAs at telecommunications wavelengths is ∼ 10 4 cm −1 [30] , [31] , the absorption region must be approximately 2.5-µm thick in order to absorb > 90% of the light that enters the detector. The associated transit times limit the bandwidth to 10 GHz at low gain. At higher gains, the relatively low gain-bandwidth product (< 100 GHz) restricts the frequency response. As will be discussed below, the gainbandwidth product and the high excess noise are consequences of the reasonably unfavorable ionization coefficients of InP [32] , [33] . Much of the recent work on APDs has focused on developing new structures and incorporating alternative materials that will yield lower noise and higher speed while maintaining optimal gain levels.
The multiplication region of an APD plays a critical role in determining its performance, specifically the gain, the multiplication noise, and the gain-bandwidth product. According to McIntyre's local-field avalanche theory [34] - [36] , both the noise and the gain-bandwidth product of APDs are determined by the electron α and hole β ionization coefficients of the semiconductor in the multiplication region, or more specifically, their ratio k = β/α. The noise power spectral density φ for mean gain M and mean photocurrent I ph is given by the expression φ = 2q
is the excess noise factor, which arises from the random nature of impact ionization. Under the conditions of uniform electric fields and pure electron injection, the excess noise factor is
Equation (1) has been derived under the condition that the ionization coefficients are in local equilibrium with the electric field, hence, the designation "local field" model. This model assumes that the ionization coefficients at a specific position are determined solely by the electric field at that position. It is well known that the impact ionization is nonlocal, in that, carriers injected into the high-field region are "cool" and require a certain distance to attain a sufficient energy to ionize [37] . This also applies to carriers immediately after the ionization, because their final states are typically near the band edge. The distance in which essentially no impact ionization occurs is frequently referred to as the "dead space" d e(h) for electrons (holes). If the multiplication region is thick, the dead space can be neglected, and the local field model provides an accurate description of the APD characteristics. It is clear from (1) that the lower noise is achieved when k = 1. The gain-bandwidth product results from the time required for the avalanche process to build up or decay: The higher the gain, the higher the associated time constant and, thus, the lower the bandwidth. Emmons [38] has shown that the frequency-dependent gain can be approximated by the expression M (ω) = M o / 1 + (ωM o kτ ) 2 , where M o is the dc gain, and τ is approximately (within a factor of ∼2) the carrier transit time across the multiplication region. It follows from this expression that for M o > α/β, the frequency response is characterized by a constant gain-bandwidth product that increases as k decreases.
There are three documented methods to achieve a low excess noise in an APD. The best known approach is to select materials such as Si [39] - [42] or Hg 0.7 Cd 0.3 Te [43] , [44] that have k = 1. The low-noise characteristics of Si are well documented; however, Si photodiodes do not operate at the telecommunications wavelengths because the bandgap of Si is transparent at 1300 and 1550 nm. Hg 0.7 Cd 0.3 Te, which has a long-wavelength cutoff of ∼ 4.3 µm, has achieved the lowest excess noise reported to date, k ≈ 0 [44] . The low noise appears to result from novel aspects of the bandstructure; the effective mass ratio (m h /m e ∼ 30) is very large, and unlike most III-V semiconductors, Hg 0.7 Cd 0.3 Te has a very small bandgap (0.25 eV) for the Γ valley, and very high L and X valleys (1.5 and 2.5 eV, respectively) [45] . On the other hand, the small bandgap of Hg 0.7 Cd 0.3 Te necessitates cooling in order to reduce the dark current. It will be interesting to see if these low-noise characteristics can be extended to higher bandgap (shorter operating wavelength) compositions that operate at room temperature.
An intriguing device structure ( Fig. 2 ) that takes advantage of the excellent noise characteristics of Si while attaining a response to ∼1.6 µm involves wafer bonding of a narrow [47] , [48] , and bandwidths up to 4.8 GHz [48] . However, a commercial production of 10-Gb/s APDs has yet to be achieved because of the material issues related to the bonded interface between InGaAs and Si.
A variant of this approach is the solid-state impact-ionization multiplier (SIM), in which the photocurrent from an arbitrary photodiode is amplified by an impact ionization in Si [49] - [51] . To date, two variants have been reported. One configuration, as shown in Fig. 4 (a), consists of a Si Schottky barrier on a p − epitaxial layer with an implanted n + region to collect primary and secondary electrons. The other SIM, a surface structure [ Fig. 4(b) ], is fabricated on an n-type substrate and has implanted p regions adjacent to the Schottky barrier. The operation of both implementations is similar. A current is injected into the Schottky barrier from an external current source, typically a PIN photodiode. The bias between the n + contact and the Schottky barrier creates a high-field region in which a gain is achieved by an impact ionization of electrons. Without the lateral p-type electrodes [substrate contact in Fig. 4 (a) and "p-sink" in Fig. 4(b) ], the secondary holes would recombine with incoming primary electrons and quench the avalanche gain. Advantages of the SIM include the following: 1) The photodetector and the amplification functions can be optimized separately without the constraint of materials compatibility; 2) small-element large-area arrays can be fabricated using the conventional VLSI process technology; and 3) amplifier stages can be cascaded to achieve a net noise reduction. One performance metric is gain efficiency, the product of the injection efficiency, and the current gain. Fig. 5 shows the gain efficiency of a SIM similar to that in Fig. 4 (a), with a photocurrent injected from an external InGaAs PIN photodiode. Since the SIM input can be an arbitrary current source, SIM stages can be cascaded. The benefit of cascading can be deduced from (1). The noise power divided by the signal gain increases with gain. It follows that two cascaded amplifiers, each with gain M , have the same gain but less noise compared to a single stage with gain M [2] , [51] .
Low excess noise and high gain-bandwidth product have also been achieved by a submicrometer scaling of the thickness of the multiplication region w m . This is somewhat counterintuitive since it appears to contradict the local field model. As w m is reduced, in order to maintain the same gain, the electric field intensity must increase in order to reduce the distance between ionization events. However, for high electric fields, the electron and hole ionization coefficients tend to merge so that k approaches unity. Consequently, based on the excess noise expression in (1), a higher excess noise would be expected for the same gain. We recall, however, that the local field model is only valid when the dead space can be ignored, which proves not to be the case for thin multiplication regions. The importance of the nonlocal nature of the impact ionization, as manifested in the "dead space," in reducing the excess noise can be explained as follows: Since the impact ionization is a stochastic process, it can best be described in terms of the probability distribution function (pdf) p(x), which is the probability per unit length that a carrier ionizes a distance x from the injection point or the point where it was created by another impact ionization event. For the local field theory, as shown in Fig. 6(a) , the pdf for electrons has the form p e (x) = α −1 exp(−αx). At the high fields encountered in the thin multiplication regions, the pdf must be modified to account for the fact that p(x) ∼ 0 for x < the dead space. Several analytical [52] - [56] and numerical models [57] - [59] have successfully been developed to accurately include the effect of the dead space. Although differing markedly in their approach, the physical picture that emerges from these models is consistent and matches up well with the experimental measurements. Fig. 6(b) illustrates qualitatively how incorporating the dead space alters the pdfs. First, we observe that the dead space length decreases with an increasing field. As carriers transit the multiplication region, they continuously gain energy from the electric field and lose energy by an optical phonon scattering. At the highest fields, the phonon scattering becomes less significant because the phonon energy is small, a few tens of microelectronvolts. As a result, the carrier transport becomes "quasi-ballistic," and the dead space length is, to good approximation, equal to E th /qF , where E th is the threshold energy for impact ionization, q is the electron charge, and F is the electric field strength. The decrease in dead space length with an increasing field tends to make it less significant at high fields. However, we note that the pdf also narrows significantly with the increasing field. Since the width of the pdf decreases faster than the contraction in the dead space, the net result is [60] .
that the ionization process becomes more deterministic which reduces the variation in M . Fig. 7 shows the calculated gain distributions for two Al 0.48 In 0.52 As APDs with multiplication layer thickness of 1.0 µm (dashed line) and 0.1 µm (solid line) [60] . These APDs have the same average gain, M ∼ 20, but the excess noise factors are 6.9 and 4.0 for the 1.0 and 0.1 µm APDs, respectively. The gain distribution of the 1.0-µm APD is broader than that of the 0.1-µm device, which gives rise to higher excess noise. This graph also shows that the thicker device has higher probabilities for both high gain (M > 100) and low gain (M = 1), while the probabilities for the thin device are higher for gains in the range 2 < M < 100. This is reasonable since they have different standard deviations in M while keeping M the same. It is interesting to note that the 1.0-µm APD has a peak at M = 1, while the 0.1-µm APD has a peak at M = 2. This is consistent with the pdfs in Fig. 6 . The long tail in the distribution at low field, which is a characteristic of thick multiplication regions, is indicative of a greater probability that a carrier will travel a longer distance, which in some cases can be the whole multiplication region, before ionizing. This has also been observed in [58] .
Noise reduction in thin APDs has been demonstrated for a wide range of materials, including InP [61] - [64] , GaAs [58] , [63] - [68] , Al x In 1−x As [63] , [64] , [69] , Si [70] , [71] , Al x Ga 1−x As [63] , [64] , [72] - [75] , SiC [76] , GaP [77] , and GaInP [78] . Fig. 8 shows the excess noise figure versus the gain for GaAs APDs with w m in the range from 0.1 to 0.8 µm [54] . The dashed lines are plots of (1) for k = 0.2 to 0.5. These lines are not representative of the actual k values; they are presented solely for reference because the k value has become a widely used indirect figure of merit for excess noise. For constant gain, it is clear that the excess noise falls significantly with a decreasing w m .
While shrinking the multiplication region thickness is an effective approach to noise reduction, it should be noted that this is relative to the characteristic noise of the bulk (thick) material. Thus, it appears that lower noise can be achieved by beginning with "low-noise" semiconductors. For this reason, In 0.52 Al 0. 48 As is an attractive candidate to replace InP in telecommunications APDs. Like In 0.53 Ga 0. 47 As, In 0.52 Al 0.48 As (referred to below as InAlAs) can be grown lattice-matched on InP substrates. Watanabe et al. [79] have measured the ionization coefficients for InAlAs and found that β/α ∼ 0.3 to 0.4 for electric field in the range from 400 to 650 kV/cm, which compares favorably with α/β ∼ 0.4 to 0.5 for InP. Lenox et al. [69] investigated the excess noise characteristics of PIN-structure InAlAs APDs; the excess noise was equivalent to k = 0.2 and 0.31 for w m = 200 and 1600 nm, respectively. Thin layers of AlInAs have also been incorporated into the multiplication region of SACM APDs. A resonantcavity InGaAs/InAlAs SACM APD operating at wavelength of 1.55 µm achieved 70% external quantum efficiency, 24-GHz unity gain bandwidth, excess noise equivalent to k ∼ 0.18, and 290-GHz gain-bandwidth product [80] . Li et al. [81] reported that the undepleted-absorber InAlAs APDs with 180-nmthick multiplication regions exhibited an excess noise equivalent to k = 0.15 and gain-bandwidth product of 160 GHz. InGaAs/InAlAs SACM APDs with thin multiplication layers have also been used to fabricate a 40 × 40 imaging array [82] . Fig. 9 shows a pass-fail map and a histogram of dark current for the 1600 elements of the array. The average dark current at a gain of ten was 1.66 nA, with a standard deviation of only 0.17 nA, i.e., ∼10%. The gain was also very uniform with a similar deviation. This type of array does not have a direct bearing on fiber optic transmission systems, but the results do provide a good indication of material quality and uniformity, which is germane to manufacturing yield of discrete devices. The APDs reported in [80] - [82] were mesa structures. Several planar InAlAs/InGaAs SACM APDs have also been developed. This has been more challenging than fabricating planar InP/InGaAs SACM APDs owing to the absence of a good n-type diffusant coupled with the requirement for electron injection. Watanabe et al. [83] , [84] developed a quasi-planar structure, with InAIGaAs-InAlAs multiple quantum well multiplication region and Ti-implanted guard ring. These APDs exhibited a dark current of 0.36 µA at a gain of ten, an external quantum efficiency of 67%, a 110-GHz gain-bandwidth product, and a low gain bandwidth of 15 GHz. Deployment of these APDs, however, has been limited by the difficulties in optimizing Ti ion dosage and the Ti-activation anneal and the relatively high dark current [85] . Recently, an AlInAs/InGaAs planar SACM APD without a guard ring has been reported [85] , [86] . Fig. 10 shows a schematic cross section. The active region is defined by a Zn diffusion through a transparent InP window layer to the InGaAs absorption region. In this case, the p-n junction and, thus, the high-field region are located below the diffusion front at the interface between the p-type InAlAs charge layer and the thin (200 nm) unintentionally doped InAlAs multiplication region. These APDs have achieved a gain of > 40, high external quantum efficiency (88%), 10-GHz low gain bandwidth, and gain-bandwidth product of 120 GHz.
The noise characteristics of Al x Ga 1−x As for x = 0 to 0.9 have been studied for bulk and thin multiplication layers [72] , [73] , [87] - [91] . Plots of the excess noise of Al x Ga 1−x As p + in + for x in the range from 0.4 to 0.9 are shown in Fig. 11 [89] . The multiplication layer thickness for these measurements was between 0.8 and 1.1 µm. The excess noise decreases with an increasing Al content; very low noise corresponding to k < 0.2 is observed for x ≤ 0.8 even for a multiplication thickness of ∼1 µm. Ng et al. [89] have attributed this to a decrease in the hole ionization coefficient. Even lower excess noise (equivalent to k < 0.1) has been achieved by reducing the multiplication length to take advantage of the nonlocal effect [89] , [90] . The combination of low noise, wide bandgap to suppress tunneling, and lattice match to GaAs make Al x Ga 1−x As an attractive candidate for high-performance APDs. However, more research is required to incorporate an absorption region that can extend operation to telecommunications wavelength. One approach is to utilize GaInAs(N), which has been widely studied for "Alfree" lasers. A concern for this approach is the lattice mismatch between GaAs(N) and Al x Ga 1−x As, which makes it difficult to obtain sufficiently thick absorbing layers to achieve acceptable responsivity. One approach to circumvent this difficulty would be to utilize the thin absorbing layers in a resonant-cavity structure [92] . Recently, it has been shown that the noise of APDs with thin multiplication regions can be reduced even further by incorporating new materials and impact ionization engineering (I 2 E) with appropriately designed heterostructures [93] - [100] .
Structurally, I
2 E is similar to a truncated multiple quantum well (frequently mislabeled as "superlattice") APD [101] , [102] ; however, operationally, there is a fundamental difference, in that, these APDs do not invoke heterojunction band discontinuities. The structures that have achieved the lowest excess noise, to date, utilize the multiplication regions in which electrons are injected from a wide bandgap semiconductor into an adjacent low bandgap material. Initial work that demonstrated the efficacy of this approach utilized the GaAs/Al x Ga 1−x As material system [93] , [94] , [96] - [98] . Excess noise equivalent to k < 0.1 has been demonstrated [96] , [97] . Recently, InGaAlAs/InP implementations that operate at the telecommunications wavelengths have been reported. Using both a single-well structure and a pseudograded bandgap based on InAlAs/InGaAlAs materials, Wang et al. [99] demonstrated an excess noise equivalent to k ∼ 0.12 and a dark current comparable to that of homojunction InAlAs APDs. Duan et al. have incorporated a similar I 2 E multiplication region into a Molecular Beam Epitaxy (MBE) grown InGaAlAs I 2 E SACM APD [100] . A cross section of the layer structure is shown in Fig. 12 . The first layer grown was a 100-nm-thick unintentionally doped In 0.52 Al 0. 48 As layer to suppress a silicon diffusion into the semi-insulating InP substrate from the In 0.52 Al 0.48 As n-contact layer, which can cause an excessive parasitic capacitance between contact pads. A 500-nm-thick heavily doped n + -type (silicon, ≥ 8 × 10 18 cm −3 ) In 0.52 Al 0.48 As layer was grown as a buffer layer and was followed by a 500-nm n + -type (silicon, ≥ 5 × 10 18 cm −3 ) In 0.52 Al 0.48 As contact layer. Following the n-type contact layer was the I 2 E multiplication region. The compound multiplication region consisted of an unintentionally doped layer of In 0.52 Al 0. 48 As with a thickness of 80 The latter two layers also served as the field control or "charge" region. A 420-nm-thick intrinsic In 0.53 Ga 0. 47 As layer was grown as the absorbing layer. Undoped InGaAlAs grading layers (50 nm) were inserted to reduce the barrier between In 0.52 Al 0. 48 As and In 0.53 Ga 0. 47 As in order to prevent a carrier pileup at the heterointerface. The absorber was slightly p-doped in order to suppress the impact ionization in the absorption region. Ideally, the doping in the absorber would be graded to provide a slightly higher field in the direction of the multiplication region. This was approximated by step doping the absorber in two regions, one at 1 × 10 16 /cm 3 APDs [96] , it can be inferred that there are relatively few ionization events in the In 0.52 Al 0.48 As layer, owing to the combined effects of "dead space" and the higher threshold energy in In 0.52 Al 0.48 As. Fig. 13 shows the excess noise factor F (M ) versus gain. The dotted lines in Fig. 13 are plots of F (M ) for k = 0 to 0.5 using the local field model. For M ≤ 4, it appears that k < 0, which is unphysical and simply reflects the inapplicability of the local field model for this type of multiplication region. At higher gain, the excess noise is equivalent to a k value of ∼0.12. For reference, the excess noise factor for InP/In 0.53 Ga 0.47 As SACM APDs is shown as the shaded region in Fig. 13 . An important question is whether the excess noise for these heterojunction APDs is lower than it would be in the homojunction APDs having the same multiplication width and composed of either of the constituent materials. Since most of the impact ionization occurs in the narrow bandgap region, it might also be appropriate to compare to homojunction APDs having a multiplication thickness equal to that of the narrow bandgap region in the heterojunction devices. Groves et al. [95] studied the avalanche multiplication and excess noise on a series of Al x Ga 1−x As-GaAs and GaAs-Al x Ga 1−x As (x = 0.3, 0.45, and 0.6) single heterojunction p + in + diodes and concluded that the properly designed heterojunctions can reduce the noise.
They attribute this to two functions provided by the wide bandgap layer. Electrons gain energy in the wide bandgap layer but do not readily ionize, owing to its high threshold energy. The hot electrons are then injected into the GaAs region, which has lower threshold energy, where they more readily ionize. The wide bandgap layer also effectively suppresses the hole ionization. Both of these effects reduce the excess noise. Hayat et al. [103] have developed a modified dead space multiplication theory to describe the injection of carriers with a substantial kinetic energy into the multiplication region and have identified a mechanism, the "initial-energy effect," that reduces the excess noise. The energy buildup can occur through a sharp electric field gradient or, in the case of I 2 E structures, in a wide bandgap injector [94] . The initial energy of the injected carriers is linked to a reduced noise through a reduction in the initial dead space associated with the injected avalancheinitiating carrier, i.e., "the strong localization of the first impact ionization event at the beginning of the multiplication region...is akin to having two injected carriers per absorbed photon" [103] .
In order to circumvent the responsivity-bandwidth tradeoff that restricts a high-speed operation of the normal-incidence PIN photodiodes, waveguide structures have been developed [104] - [108] . Input is achieved by direct coupling to the edge of the photodiode or evanescently using tapered couplers or optical matching layers. In order to achieve the bandwidths required for future high-bit-rate fiber optic systems, SACM APDs have been incorporated into edge-coupled [109] - [114] and evanescently coupled [115] , [116] waveguide photodiodes. Nakata et al. [111] have reported an edge-coupled In 0.52 Al 0. 48 As/In 0.53 Ga 0. 47 As APD (Fig. 14) that achieved 0.73 A/W responsivity, low gain bandwidth of 35, and 140-GHz gain-bandwidth product. At 40 Gb/s, the receiver sensitivity was −19 dBm for 10 −10 bit error rate. Fig. 15 shows the eye diagrams for M = 3, 5, and 10 and bit-error-rate plot at 40 Gb/s. At 10 Gb/s, the receiver sensitivity of −30.2 dBm was obtained with a similar edge-coupled APD having an asymmetric waveguide [112] . Demiguel et al. [116] have reported an evanescently coupled In 0.52 Al 0.48 As/In 0.53 Ga 0. 47 As SACM APD having a planar short multimode input waveguide. A schematic cross section of this APD is shown in Fig. 16 . The planar (i.e., without lateral confinement) multimode waveguide consisted of a diluted waveguide and two optical matching layers. The diluted waveguide was a stack of ten periods of undoped 100-nm/80-nm InP/GaInAsP (1.1-µm bandgap) layers. The number of periods was optimized to achieve a high coupling efficiency with an input fiber and low TE/TM polarization dependence. The two optical matching layers were n-doped GaInAsP with bandgaps (thickness) corresponding to 1.1 µm (0.65 µm) and 1.4 µm (0.1 µm) for the first and second optical matching layers, respectively. This provides a gradual increase of the optical refractive index from the diluted waveguide to the APD. The SACM APD consisted, starting from the bottom, of an n-type InAlAs layer, an undoped AlInAs multiplication region of 150 nm, a p-type 50-nm-thick InAlAs charge layer with a nominal doping level of 8 × 10 17 cm −3 , an undoped 30-nm-thick graded layer, an InGaAs absorbing layer, two 20-nm-thick InGaAsP "grading" layers (1.4-and 1.1-µm bandgaps), and an InGaAs contact layer. The absorbing layer thickness was 190 nm, resulting in a total active SACM as thin as 0.46-µm, which resulted in short transit times enabling high-speed operation. Coupling from the input waveguide into the photodiode is illustrated below the device in the graph of the field intensity along the incident axis. The photocurrent, dark current, and gain versus reverse bias are plotted in Fig. 17(a) . The breakdown occurred at ∼18.5 V, and the dark current at 90% of the breakdown was in the range from 100 to 500 nA. The responsivity was 0.62 A/W with TE/TM polarization dependence of < 0.5 dB. Fig. 17(b) shows the bandwidth versus gain; at low gain, the bandwidth was 35-GHz maximum bandwidth, and the high-gain response exhibits a gain-bandwidth product of 160 GHz. The −1-dB alignment horizontal and vertical tolerances for a 5-µm wide diode were ±1.8 and ±0.9 µm, respectively. Quantum cryptography or quantum key distribution is a rapidly emerging field of optical fiber communications [117] . The goal is to provide a shared secret key to two authorized parties who desire to communicate securely, even if an eavesdropper has an access to all of the message traffic. A key feature of the quantum cryptography is that it provides the ultimate security based on the quantum mechanical properties of single photons. These systems are presently being studied and developed in laboratories around the world. A critical function for these systems is a single photon detection with high efficiency and minimal false positives. The photodetector of choice is the single photon counting avalanche photodetector (SPAD). The operation of an APD below a breakdown voltage is referred to as a linear mode operation. Operation above the breakdown voltage is fundamentally different. Above breakdown, an APD acts as a trigger element similar to a Geiger-Muller counter of nuclear radiation. Consequently, this mode of operation is frequently referred to as the Geiger-mode operation. In the Geiger mode, an APD sustains the high bias across the depletion layer until a carrier is injected into the multiplication region. Once a carrier has initiated an avalanche process, owing to the high field, the current will continue to increase limited only by the external circuit. The net result is that a macroscopic current pulse is produced in response to a single carrier in the depletion layer. This is the "ON" state of the Geiger-mode APD.
The single carrier can be photogenerated, by which the single photon detection is achieved, or may have its origin in the dark current, giving rise to a dark count. Optimum performance is achieved when the single photon detection efficiency is high, and the dark count rate is low.
The first SPADs were Si, and these devices still achieve the best performance; a good review of the history of Si SPADs and state-of-the-art performance can be found in [118] . The development of fiber optic distribution systems has created a need for long-wavelength SPADs. To that end, InP/InGaAs SACM SPADs have been studied widely as single-photon counters. Although most of these studies have used commercially available APDs that were designed for fiber optic transmission, recently, there have been some efforts in designing InP-based SACM APDs for single photon counting applications [119] - [121] . Liu et al. [122] have reported the high single photon detection efficiency (∼45%) and low dark count rate (< 10 4 /s) with an InP/InGaAs SACM APD similar in structure to that in Fig. 1. Fig. 18 shows the dark count rate versus the single photon detection efficiency at 1.31 µm. Essentially, identical results were achieved at 1.55 µm. The reason that the dark count rate increases with the increasing detection efficiency is that higher detection efficiencies are achieved by increasing the excess bias above breakdown, which results in higher dark counts. While room temperature operation has been achieved, it is clear that cooling reduces the dark count rate by over two orders of magnitude. The single photon detection efficiency is the product of the external quantum efficiency and the probability that a photogenerated carrier will initiate an avalanche breakdown. As a result, the external quantum efficiency (68% for these APDs) is the theoretical maximum for single photon detection efficiency; hence, for these APDs, ∼60% of the photons that are absorbed are counted.
In the past decade, the performance of APDs for optical fiber communication systems has improved as a result of improvements in materials and the development of advanced device structures. Techniques to reduce the excess noise and increase the gain-bandwidth product have enabled the operation at higher bit rates and set the stage for future systems that will benefit from the compact size, low cost, and high sensitivity that the APDs provide.
